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ABSTRACT: Image registration has been increasingly used in radiation diagnosis and treatment
planning as a means of information integration from different imaging modalities (e.g. MRI, PET,
CT). Especially for brain lesions, accurate 3D registration and fusion of MR and PET images can
provide comprehensive information about the patient under study by relating functional informa-
tion from PET images to the detailed anatomical information available in MR images. However,
direct PET-MR image fusion in soft tissue is complicated mainly due to the lack of conspicuous
anatomical features in PET images. This study describes the implementation and validation of
a mutual information registration algorithm for this purpose. Ten patients with brain lesions un-
derwent MR and PET/CT scanning. MR-PET registration was performed a) based on the well
validated MR-CT registration technique and copying the transformation to the PET images derived
from the PET/CT scan (MR/PET/CT registration method) and b) directly from the MR and PET im-
ages without taking into account the CT images (MR/PET registration method). In order to check
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the registration accuracy of the MR/PET method, the lesion (target) was contoured in the PET im-
ages and it was transferred to the MR images using both the above methods. The MR/PET/CT
method served as the gold standard for target contouring. Target contours derived by the MR/PET
method were compared with the gold standard target contours for each patient and the deviation
between the two contours was used to estimate the accuracy of the PET-MR registration method.
This deviation was less than 3 mm (i.e. comparable to the imaging voxel of the PET/CT scanning)
for 9/10 of the cases studied. Results show that the mutual information algorithm used is able to
perform the PET-MR registration reliably and accurately.
KEYWORDS: Multi-modality systems; Algoritms and Software for radiotherapy
1
2009 JINST 4 P07008
Contents
1 Introduction 1





Multimodality image registration and fusion has been increasingly used in radiation diagnosis and
treatment planning [1]–[3]. In these techniques three-dimensional (3D) images obtained from
different imaging modalities (e.g. MRI, PET and CT) are spatially superimposed thus providing
comprehensive information about the patient under study.In view of the above unique features,
polymer gel — MRI dosimetry is probably the best candidate for dose verification in demanding
radiosurgery applications employing narrow beams and steep dose gradients to deliver complex,
three-dimensional (3D) dose distributions.
Especially for brain lesions accurate 3D registration and overlay of MR and PET images pro-
vide important additional information by relating functional information from PET images to the
detailed anatomical information available in MR images.
Registration between MR and PET images can be performed using either point-based external
marker techniques or automated registration techniques.
For automatic registration, the method of maximization of mutual information [4] is a theoret-
ically sound and increasingly accepted image registration technique in clinical practice, especially
in cases were the anatomy underlying the multimodal images are geometrically unchanged, such
as brain images.
For MR–CT image registration this method is well tested and validated [5]. However for the
case of PET-MR, image registration is complicated by a lack of conspicuous anatomical features.
2 Materials and methods
Ten patients with brain lesions underwent MR and PET/CT scanning.
PET/CT scans were carried out with a PET/CT tomograph SIEMENS BIOGRAPH Emotion
Duo, which is based on LSO technology, using fluoro-18-fluordeoxyglucose (FDG). PET/CT im-
ages with 3 mm slice thickness were acquired.
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MR imaging was performed on a 1.5 T whole body Philips ACS NT MR imager with an
RF quadrature head coil using a spoiled T 1-weighted 3D-fast field echo (FFE) sequence (TR: 25
ms/TE: 1.8 ms/flip angle: 35?) and provided axial slices with 1.5 mm slice thickness.
2.1 Registration
Registration was performed using the mutual information algorithm of the Masterplan (Nucletron)
radiotherapy treatment planning system.
Mutual information is an automatic registration method that can be applied successfully to
image series of different modalities, such as CT, PET and MRI. This method can qualitatively be
thought of as a similarity measure of how well one image explains the other and is maximized at
the optimal alignment [4]. In other words, the process of mutual information registration can be
thought of as an optimization procedure that reduces the amount of information in the combined
image. The used measure of information in this algorithm is an entropy measurement. The sub-
traction of two, perfectly aligned, identical images will result in an entirely uniform image that
has zero entropy. For two images that differ, the entropy will be higher. Thus, similar images can
be registered by iteratively minimizing the entropy of the difference image. There is currently no
way to estimate the accuracy for a specific mutual information registration and the most common
accuracy criterion is visual assessment of the results. In general however, most clinical cases result
in acceptable registrations using this method1,3.
MR–PET registration was performed for patients with brain lesions using: a) the well vali-
dated MR-CT registration technique and copying the transformation to the PET images derived
from the PET/CT scan (hereon called MR/PET/CT registration method) and b) directly from the
MR and PET images without taking into account the CT images (hereon called MR/PET registra-
tion method).
In order to check the registration accuracy of the MR/PET method, the lesion (target) was
contoured in the PET images and it was transferred to the MR images using both the above methods.
The MR/PET/CT method served as the gold standard for target contouring.
Target contours derived by the MR/PET method were compared with the gold standard target
contours for each patient and the deviation between the two contours was used to estimate the
accuracy of the PET-MR registration method.
Processing times, excluding data transfer from scanners to workstation were of the order of
2–4 minutes per study in a typical Pentium computer.
3 Results
Figure 1 presents an example of registered MR, CT and PET axial images of a patient using the
mutual information registration method, while in figure 2 the corresponding fused MR/CT and
MR/PET images are presented. In the latter figure the target contours using the two registration
methods (MR/PET/CT: solid line and MR/PET: dashed line) are also superimposed in the fused
images for comparison.
Figure 2 reveals that for this patient the deviation between the two contours was less than
2 mm.
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Figure 1. Registered MR (left), CT (center) and PET (right) axial images of a patient using the mutual
information registration method.
Figure 2. MR/CT (left) and corresponding MR/PET (right) fused images of a patent. Target contours using
MR/PET/CT (solid line) and MR/PET registration method (dashed line) are superimposed for comparison.
Table 1. Registered MR (left), CT (center) and PET (right) axial images of a patient using the mutual
information registration method.
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Figure 3. MR/PET/CT (solid line) and MR/PET (dashed line) target contours in a coronal MR/PET fused
image of patient #9.
From the 20 different registrations (10 MR/PET and 10 MR/PET/CT) for the 10 different
patients, only in one case, using the PET/MR registration method, mutual information algorithm
failed to produce a visually acceptable result. In all other cases visual inspection showed an ac-
ceptable registration between PET and MR images independently on the method (MR/PET and/or
MR/PET/CT) used for registration, thus revealing the capability of mutual information algorithm
to handle PET brain images, in spite of the lack of conspicuous anatomical features.
PET-MR registration accuracy results for all patients are summarised in table 1. These results
were derived by comparing MR/PET with MR/PET/CT target contours in three dimensions.
As mentioned above, the MR/PET/CT method, which was based on the MR-CT registration,
served as the gold standard for target contouring. The accuracy of MR-CT registration was found
to be within the imaging voxel size of the acquired CT and MR scanning. This estimation was per-
formed by measuring the coordinate differences along the x- (“left-right”), y- (“anterior-posterior”),
and z-axes (“cranio-caudal”) between a set of well-defined landmarks on CT and MR. The mean
coordinate differences between CT and MR landmarks along the x- and y-axes were in general
within 0.5 mm, while the mean coordinate differences along the z-axis were within 2 mm, which is
of the same magnitude as the applied slice thickness in CT scanning.
Differences between MR/PET and MR/PET/CT target contours, presented in table 1, were
smaller along the x- and y-axes and increased along the z-axis. This can be seen in figure 3, where
MR/PET/CT and MR/PET target contours are presented in a coronal MR/PET fused image of
patient #9 and it can be explained by the loss of resolution in cranio-caudal direction as a result of
the shape and size of the imaging voxels.
In general, the accuracy of the PET-MR registration method was estimated to be of the order of
3 mm (i.e. comparable to the imaging voxel of the PET scanning) for the vast majority of the cases
studied. A further improvement of registration accuracy can be achieved by enhancing resolution
during the acquisition of image data.
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4 Conclusions
Results of this study show that the mutual information algorithm used is able to perform the PET-
MR registration reliably and accurately. Differences between direct PET-MR registration and the
well tested and validated MR-CT registration were found to be within 3 mm, which is comparable
to the imaging resolution of the PET/CT scanning.
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